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A method based on spatial transformations of multi-wavelengths digital holograms and the correlation-matching of their numerical reconstructions is proposed, with the aim to improve superimposition of different color reconstructed images. This method is based on an adaptive affine transform of the hologram which permits to manage the physical parameters of numerical reconstruction. In addition, we present a procedure to synthesize a single digital hologram in which three different colors are multiplexed. The optical reconstruction of the synthetic hologram by a spatial light modulator (SLM) at one wavelength allows us to display all color features of the object avoiding loss of details. In digital holography (DH) the numerical reconstruction of holograms is obtained by the calculation of the discrete finite form of the Rayleigh-Sommerfield diffraction formula [1] . To capture all the details of a color object, three monochromatic digital holograms with different wavelengths (red, green, blue) needs to be recorded by a black/white CCD, or by a RGB CCD device [2, 3] . However, the numerical reconstruction of color holograms needs to find a strategy for attaining improvedsuperimposition of separate reconstruction images [2] [3] [4] [5] [6] [7] [8] .
Several techniques can be found in literature to obtain a color reconstruction of multi-wavelengths holograms. Some of them control the size of digital holograms [5] , the pixel resolution [9] , or the phase shifts [10] . Moreover, quantitative phase microscopy by interferometric techniques requires a multi-wavelengths configuration to remove the chromatic aberrations [11] [12] [13] . The reconstruction of a color holographic image in lensless Fourier transform holography [14] assures the precise superposition of the reconstructed images. A new method, based on simple digital transformations of the holograms, allows full control of the object's position and size in a 3D volume [15] . Here we propose an idea and its implementation in order to match the reconstructions of multicolor digital holograms. Digital manipulation of the holograms, in analogy to what is described in [15] where we pose the reference beam r(kp x ,lp y )=1 for each (k,l), (i.e. a plane wavefront). We define the constant γ such that λ 2 =γλ 1 , and apply an adaptive affine transformation on the hologram, as shown in [15] ( ) ( )
where α and β becomes the new summation indices.
Replacing the transformed hologram in Eq. (1), after simple mathematical calculations, we obtain ( ) 
From equation (3) is clear that the in-focus reconstruction of the hologram h 1 (kp x ,lp y ) can be obtained by reconstructing the transformed hologram at the wavelength λ 2 , at the fixed distance d, but using different pixels sizes p' x and p' y , given in equation (4) . However, using the adaptive affine transformation, we cannot directly add the digital reconstructions due to a systematic shift error that is a consequence of the adopted transformation. Using a correlation maximization approach [16] , we are able to correct this error. The demonstration of the proposed multicolor reconstruction method is achieved in two experimental cases. In the first case, two holograms of a Matryoshka puppet are recorded in lensless configuration [4] at red (λ=632.8nm) and green (λ=532nm) wavelengths, respectively. A target recorded in microscope configuration [14] is adopted in the second case, by using three wavelengths, red green and blue (λ=473nm). We apply onto the Matryoshka hologram recorded at red light an adaptive affine transformation with an elongation factor γ 1 =0.8407 in order to match the red reconstruction with the green one. The Fig.1(a,b) shows how the reconstructions of the Matryoshka are unmatched before applying the proposed method. Fig. 1(c) shows how, by applying the stretching (i.e. the adaptive affine transformation), the RED reconstruction matches the GREEN one. In Fig.1(d) the superimposition of stretched RED and GREEN reconstructions is reported, thus demonstrating the effectiveness of the method proposed here. Similarly, Fig.2(a,b,e) shows the three original reconstructions of a micro-target at three different wavelengths. Fig.2(c,d) shows the reconstructions of the single RED and BLUE holograms after the correction obtained by the adaptive affine transformations. The transformation from BLUE to GREEN is obtained using γ 2 =1.1247. Finally, Fig.2(f) represents the RGB image obtained by the digital reconstructions shown in Fig.2 (c,d,e) . You can note in Fig.1(c) , Fig.2(c) and Fig.2(d) the presence of ghost images near to the in-focus order. This distortion is similar to the aliasing and it is a consequence of the adaptive affine transform, that corresponds to the change of the periodicity of the Fourier transform. As can be seen in the Fig.1(d) and Fig.2(f) , the shift of the reconstructions at different wavelengths is inherently caused by the stretching procedure. To overcome this problem, we shift the images to achieve a better spatial overlap maximizing the CC. In fact, the correlation measures the strength of the linear dependence between two variables. When these two variables are images, the CC measures how similar they are. The CC of two N1xN2 images I I I I1 and I I I I2 typically indicates as r, is defined as Ivk) are the standard deviation and the average value operators, respectively. Using this concept, the shift is along the direction in which the CC increases. Firstly, we maximize the CC value along the horizontal direction. Secondly, using this shift, we find the maximum value of CC along vertical direction, obtaining the final optimized position. The videos Media1 and Media2 show how the superpositions are progressively obtained using the correlation maximization. We report the horizontal and vertical variation of CC for the Matryoshka (see Fig.3(a,b) ) and the micro-target reconstructions (see Fig.3(c,d) ), respectively. Optimized superimpositions are shown in Fig.4 . In addition, we present a procedure to synthetize a digital hologram by multiplexing different color holograms. This synthetic hologram can be optically reconstructed by a spatial light modulator (SLM) using only a single wavelength but displaying all colors features of the object. In fact, using complementary wavelengths, different color details can be recorded. However, both in the numerical and optical reconstruction a multi-wavelengths reconstruction are necessary to avoid loss of details in the reconstructed image. Reconstructing the synthetic hologram, computed by the multiplexing of multicolor stretched holograms, an RGB image can be obtained. The SLM has a constant pixel value, therefore we cannot change the pixels size p x in Eq.3. Consequently, the optical reconstruction of the e.g. RED hologram by means of GREEN light will be in-focus at a distance D=γd. Thus, we have two reconstructions at same wavelength and pixels size, but they are in-focus at different distances. In order to obtain the two color reconstructions in good focus at the same distance, we create a new synthetic hologram. This operation is performed using the real part of the back propagation to a fixed, but generic, distance δ of a suitable linear combination of different color numerical reconstructions [8, 9] . Combining the RGB images, according to the National Television System(s) Committee (NTSC) standard, which applies coefficients related to the eye's sensitivity to RGB colors, we obtain the synthetic hologram as
where BP δ {·} is a back propagation operator, In conclusion, we have shown that the flexibility offered by the adaptive affine transformation of digital holograms permits us to achieve a full color numerical and optical reconstruction without loss of detail in color objects due to monochromatic laser light. Fig.5 (a,b) magnification of numerical reconstructions of red and green holograms respectively. (c) is the gray level superposition using the coefficient given in Eq. (6) . (d,e,f) the corresponding optical reconstructions using a SLM.
